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ABSTRACT

In vitro Growth of Muscle Satellite Cells Isolated
from Normal and Callipyge Lambs
by
Beatriz T. Rodriguez, Master of Science
Utah State University, 1999
Major Professor: Dr. Charles E. Carpenter
Department: Nutrition and Food Sciences
The muscle hypertrophy of lambs expressing the Callipyge phenotype is
possibly linked to characteristics of their muscle satellite cells. Therefore,
characteristics (proliferation, fusion%, and protein accretion) of cultured satellite cells
isolated from the longissimus muscle of Callipyge (n = 3) and normal (n = 3) lambs
were compared in this study. In the first experiment, we tested whether or not the
proliferation rates differ for satellite cells isolated from Callipyge or normal sheep when
cultured in the presence of different serum types (horse, normal lamb, or Callipyge
lamb). The average population doubling time (PDT, h) during log phase growth was
calculated for cells from each animal grown in each serum type. Population doubling
time was not affected ( P > .1) by the interaction of satellite cell type with serum type, or
by satellite cell type. Unexpectedly, PDT was longer (P < .05) for satellite cells grown
in Callipyge serum (22 h) than for cells grown in normal sheep serum (20 h) or horse
serum (18 h). These results suggest that muscle hypertrophy of Callipyge lambs is not
linked to intrinsic differences in satellite cell proliferation, although hypertrophy may
be associated with a decreased proliferation induced by a factor in Callipyge serum.
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In the second experiment, we tested whether cell fusion, or protein accretion
differ for cultured satellite cells isolated from Callipyge or normal sheep. DNA and
protein were determined at 24, 48, 72, and 96 h after satellite cell cultures were induced
to differentiate. Fusion percentage was determined in a Giemsa stained plate after 72 h
in differentiation medium (Dulbecco's Modified Eagle Medium containing 1.5% of
horse serum). Callipyge cultures tended (P = .14) to have higher fusion% than normal
cultures exhibited, suggesting that muscle hypertrophy of Callipyge lambs may be
linked to an increased tendency of satellite cells to fuse. Protein content (µg/well) and
protein: DNA ratio (ng of protein/ng of DNA) were not affected by satellite cell type (P

=.80 and P =.79, respectively). Thus, there was no evidence for a link between
increased protein accretion and Callipyge hypertrophy.

(71 pages)
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW
Introduction

For decades scientists have tried to obtain meat-producing animals with
enhanced growth rates and improved food conversion efficiencies. More recently,
consumer preferences for low-fat cuts have established a third goal of producing leaner
carcasses. A natural mutation in sheep has the merit to produce animals with all three
desirable characteristics. A gene causing rapid postnatal muscle hypertrophy, increased
fcxxl conversion efficiency, and a reduction in adipose tissue deposition in sheep has
been called Callipyge, and has been mapped to ovine chromosome 18 (Cockett et al.,
1994). Nevertheless, we have not yet identified the gene product, where it is produced,
and( or) how it affects the mechanisms for muscle growth and metabolism.

Normal Muscle Growth. To understand muscle hypertrophy caused by the
Callipyge gene, we must first understand how normal muscle grows. Muscle tissue
growth is the product of two fundamental biological processes, cell proliferation and
protein accretion, that occur in combination or independently in an age-related manner.
Skeletal muscle growth differs in the prenatal and postnatal phases. In most mammals,
prenatal myofiber formation is achieved by the mitotic proliferation of myoblasts
(embryonic muscle cells), fusion of the myoblasts into myotubes, and further
maturation of these structures into myofibers. On the other hand, postnatal muscle
growth is due to protein accretion, but requires the proliferation and recruitment of
satellite cells (small mononucleated myogenic cells) to support this growth (for review
see Allen et al., 1979; Campion, 1984).
Besides normal muscle growth, there are two types of abnormally increased
growth that have economic importance in meat production: hypertrophy and
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hyperplasia. Hyperplasia is due to an increased number of fibers and occurs during the
prenatal phase. Hypertrophy is due to fiber enlargement and occurs during the postnatal
phase.

Muscle Hypertrophy Models
The Callipyge Phenotype. A new type of inheritable muscle hypertrophy was
detected in a Dorset ram in 1983. The phenotype is determined by the Callipyge gene
(from the Greek calli =beautiful, and pyge =buttocks) mapped to ovine chromosome
18 (Cockett et al. , 1994) and is characterized by a polar overdominance inheritance
pattern (Cockett et al., 1996).
The Callipyge phenotype does not express itself until a few weeks after birth.
Compared to normal lambs, Callipyge animals have superior feed efficiency, 32% more
muscle mass (Jackson et al., 1997a, b, c), and decreased carcass fatness (Koohmaraie et
al., 1995). Reflecting their greater muscle mass, Callipyge lambs have increased levels
of serum creatinine throughout life (Meyer et al. , 1996). Serum lipid profiles are altered
in Callipyge lambs at 2 and 3 months of age, but not in older lambs, which suggests an
age-dependent effect of the gene (Meyer et al ., 1996).
The muscles found in the loin and leg are most affected by the gene and
hypertrophy to the largest degree, while some shoulder muscles are believed not to
hypertrophy (Koohmaraie et al., 1995). Hypertrophy in Callipyge muscles has been
attributed to changes in fiber type, muscle cell enlargement, and decreased protein
degradation (Koohmaraie et al., 1995; Carpenter et al., 1996). In a study of muscle
histology and composition, Callipyge muscles showed higher proportion of fast twitch
glycolitic fibers and increased average cell diameter, as well as a greater protein:DNA
ratio (indicator of cell size) (Carpenter et al., 1996). In addition to the effect on size and
distribution of fiber types, a higher calpastatin activity (inhibitor of the calcium
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activated calpain proteases) was observed in Callipyge muscles (Koohmaraie et al.,
1995). It was hypothesized that the muscle hypertrophy and decreased tenderness of
Callipyge meat may be a result of the greater calpastatin content, and subsequently a
lower proteolytic activity in the affected muscles
The effects of the Callipyge gene on muscle protein synthesis are controversial.
There is evidence of either an increased (Koohmaraie et al., 1995) or unchanged
(Carpenter et al., 1996) transcriptional activity as indicated by RNA:DNA ratios, while
the translational activity as indicated by protein:RNA ratios was found to be either
lower (Koohmaraie et al., 1995) or unchanged (Carpenter et al., 1996). The net effect
of both an increased transcriptional activity and a decreased translational activity
reported by Koohmaraie et al. (1995) on protein synthesis may be null , which agrees
with the findings of Carpenter et al. (1996).
Studies performed in our laboratory showed a greater protein concentration (mg
protein/g muscle) and an increased protein:DNA ratio (g/mg) in hypertrophied
Callipyge muscle as compared to normal muscle (Rice, 1995), indicating that each
DNA unit was supporting more protein in Callipyge lamb than in normal lamb.
Additionally, Callipyge muscles had similar RNA concentration, and protein: RNA and
RNA:DNA ratios when compared to muscles of normal lambs, indicating similar
protein synthetic activity. In total, these results suggested that muscle hypertrophy of
Callipyge lamb was due to an increase in cell size, possibly due to the protein accretion
that could result from decreased protein degradation (Rice, 1995). The consequence of
this growth model is that increased satellite cell proliferation and DNA accretion may
not be necessary to support hypertrophy.
On the other hand, total DNA (mg) content was found to be higher in Callipyge
muscles than in normal muscles (Koohmaraie et al., 1995), and this was attributed to a
greater DNA recruitment to fibers through an increased satellite cell activity. Increased
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number of nuclei within a fiber could lead to an increase in size due to a greater
capacity of the fiber to support protein.
Beta-Agonist-Fed Animals. Beta-adrenergic agonists are synthetic analogs of
epinephrine and norepinephrine, which act as metabolic modifiers. They have profound
effects on growth and metabolism. The main effects on the carcass are an increase in
skeletal muscle mass and the reduction of adipose tissue mass, sometimes accompanied
by increased growth rate and( or) feed efficiency (Anonymous, 1994). Lambs fed betaagonists have an increased percentage of fast twitch glycolitic and fast twitch oxidative
glycolitic fibers (Beennan et al., 1987; Kim et al., 1987), which may account for the
hypertrophy observed in these animals. Increases in muscle deposition can also be the
result of either increased protein synthesis, or decreased protein degradation, or both
(Reeds and Mersmann, 1991). Accordingly, some studies suggested that beta-agonists
reduce the rate of muscle protein degradation via alteration of the calpain/calpastatin
septem (O'Connor et al., 1991). A decreased postmortem proteolysis is associated with
increased shear forces in beta-agonist-fed lambs, and with smaller myofibril
fragmentation index values, as compared to non-treated lambs (Koohmaraie et al.,
1991). It seems that Callipyge lambs and beta-agonist-fed lambs have several
characteristics in common, and, in both cases, hypertrophy rather than hyperplasia (e.g.,
increased fiber size rather than increased number of fibers) contribute to the increased
muscle mass.
Additionally, there is evidence that beta-adrenergic agonists enhance the
proliferative activity and the fusion of chick satellite cells in culture (Grant et al., 1990).
Double-Muscled Cattle. Double-muscling (DM) is an inherited recessive
condition in cattle characterized by generalized hyperplasia of muscles (increased
number of fibers), accounting for as much as 20% of muscle mass increase (Grobet et
al., 1997). Double-muscling is usually manifested as a syndrome, with different degrees
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of magnitude. The main effects of the DM syndrome on carcass characteristics are
increased muscle mass, fineness of bones, decreased fat deposition, and higher dressing
percentage (Arthur et al., 1989a). The DM syndrome is also associated with higher
incidence of calving difficulty due to extremely muscular calves, and reduced area of
the pelvic opening in DM cows (Arthur et al., 1989b). The DM genotype is due to a
mutation in the myostatin gene, which functions as a negative regulator of skeletal
muscle mass in several species including humans, mice and cattle. A deletion of 11
base-pairs that disrupt the amino-acid sequence, and, therefore, eliminate the bioactive
part of the myostatin molecule, was identified in the Belgian-Blue breed (Grobet et al.,
1997; McPherron and Lee, 1997). On the other hand, a missense mutation in exon 3,
that results in a substitution of tyrosine for cysteine, was identified in the Piedmontese
breed (McPherron and Lee, 1997).
Double-muscled cattle also have increased percentages of a combination of FG
and FOG fibers, and decreased percentages of SO fibers (Hendricks et al., 1973). Meat
from DM cattle has a lighter color and is also more tender than the meat from normal
cattle (Bouton et al ., 1982).
Even though Callipyge lambs and DM cattle share such characteristics as
increased muscle mass and decreased fat deposition, they certainly arise by very
different mechanisms. The cause of the heavy muscling in DM cattle is hyperplasia,
whereas the cause of heavy muscling in Callipyge lambs is hypertrophy. In Callipyge
lambs, hypertrophy seems to be at its maximal expression because beta-agonist-treated
Callipyge lambs did not show any change in carcass characteristics when compared to
nontreated Callipyge lambs (Koohmaraie et al., 1996). In contrast, DM bulls treated
with the beta-agonist cimaterol had higher carcass weight, dressing, and shear force
value than nontreated DM bulls (Boucque et al., 1994). This suggested that DM muscle
still has the ability to hypertrophy. Finally, myostatin has been mapped to bovine
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In a study wherein two strains of turkeys with markedly different growth rates
were compared, the cloned satellite cells derived from the fast-growing strain were
more responsive to mitogenic stimuli in serum, but they fused at a slower rate than
satellite cells derived from the slow-growing strain (McFarland et al., 1993). The
authors hypothesized that the satellite cells isolated from the slow-growing turkeys
(which also had less muscle mass) were more sensitive to differentiation stimuli. This
means that the satellite cells responded by fusing readily without entering in the
proliferative cycle, or after a few divisions. As a consequence, slow-growing turkeys
had a decreased pool of mitogenic satellite cells for continued skeletal muscle
development and muscle accretion. In addition to a greater mitogenic activity, the fastgrowing turkey satellite cells may have fused later and had a slower differentiation, but
by the time the bird matured, more total satellite cells may have been recruited.
Differentiation in the above-mentioned study was measured as creatine kinase units/µg
DNA, but no measures were performed on fusion ratios, which may be an important
indicator of the capacity of satellite cells to fuse into fibers.
Satellite cells isolated from adult chicken and quail are committed to form fibers
of at least two types, depending upon the muscle from which they have been isolated
(Feldman and Stockdale, 1991). For example, satellite cells isolated from fast twitch
muscle (pectoralis major) formed only fast fibers in culture, while satellite cells isolated
from a slow muscle (anterior latissimus dorsi) formed 75% fast fibers and 25%
fast/slow fibers. It seems probable that Callipyge muscles have an increased proportion
offast-twitch glycolitic (FG) fibers, because of a higher proportion of myoblasts (in the
embryo) programmed to form FG fibers. Additionally, FG fibers may have a larger size
in Callipyge muscle as a result of an increased proportion of satellite cells (belonging to
the growth subpopulation) programmed to fuse to existing FG fibers in the postnatal
phase.
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Satellite Cell Characteristics are Modulated
by Extrinsic Factors

Extrinsic factors, such as honnones and growth factors present in serum and
components of the extra cellular matrix, are known to modulate the characteristics of
satellite cells in culture (for review see Dodson et al., 1996). For example, the presence
and concentration of growth honnone, insulin, insulin-like growth factor I, or epidennal
growth factor affected the protein synthesis and degradation of ovine satellite cells
(Harper et al., 1987). Transforming growth factor beta-1 (TGF B-1) stimulated porcine
satellite cell proliferation in serum-free medium, but inhibited proliferation of satellite
cells in serum-containing medium (Cook et al., 1993). On the contrary, TGF B-1 did
not suppress the proliferation of ovine satellite cells, but inhibited the fonnation of
myotubes (Hathaway et al., 1991, 1994). Honnones and growth factors also interact to
affect the proliferation of satellite cells (Doumit et al., 1993; Cook et al., 1993). The
identification of serum factors affecting satellite cell proliferation is quite difficult. In
the first place, the concentration of serum factors may be affected by the phenotype
(Dodson et al., 1983) and by the age of the donor (Dodson et al., 1996). In the second
place, the identification of a single factor or hormone that may be responsible for the
hypertrophy in Callipyge muscle requires studies on cell cultures with defined media,
and that objective falls beyond the scope of the present study. Instead, the effect of
undefined serum from Callipyge or normal lambs will be tested on satellite cells.
Satellite Cell Culture and Characterization

Isolation. Satellite cells are easy to harvest from adult muscle samples and are a
very useful model to study muscle growth. As compared to in vivo work, cultured
satellite cells allow great control of variables, can be rapidly and economically
replicated, and do not pose the ethical concerns of working with live animals. Satellite
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cells are released from muscle tissue by treatment with pronase or trypsin to remove the
basal lamina surrounding individual muscle fibers . This is followed by differential
centrifugation and filtration to separate the cells from muscle debris (Freshney, 1994).
When cultured, these satellite cells attach to the bottom of a coated flask, and divide by
mitosis (proliferation) until they reach confluence. At this point, contact with
surrounding cells and( or) the removal of mitogenic factors (serum) inhibit proliferation
and induce fusion and differentiation into multinucleated myotubes having nuclei
distributed in the center of the tubes (Campion, 1984). This type of behavior is believed
to mimic the embryonic development of muscle, although there is evidence that satellite
cells and myoblasts are not of the same lineage (Cossu and Molinaro, 1987).

Characterization. Proliferation and differentiation have been used to define
satellite cell populations, strains, or clones (Yablonka-Reuveni et al., 1987; Molnar and
Dodson, 1993 ; McFarland et al. , 1995; Rantanen et al ., 1995; Vierck et al. , 1995;
Molnar et al., 1996; ). However, it is often difficult to predict the in vitro characteristics
of satellite cells based on characteristics of the muscle from which they have been
isolated. Rather, the in vivo characteristics of the donor muscle are used to explain the
proliferation and differentiation of cultured satellite cells.

Proliferation. Proliferation can be measured as increases in number of cells/mL
(concentration) or number of cells/cm2 (density) through time. Most cell populations
will go through a characteristic growth cycle that includes a lag phase of little growth
while the cells adapt to their new environment (adaptation), a "log" phase when cells
show an exponential increase in cell number, and a stationary or "plateau" phase where
there is no proliferation, or proliferation is compensated by death. Thus, cell counting at
single time-points disregards the growth curve and is unsatisfactory for assessing
proliferation potential. Single time-points also ignore the importance of each phase of
the curve in describing the characteristics of the cells. For example, the log and plateau
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phases give useful information such as "population doubling time" (PDT) during
exponential growth and maximum cell density at plateau, respectively (Freshney, 1994).
The measurement of PDT (time taken for the culture to increase twofold in the middle
of the log phase) is used to quantify the response (proliferation) of the cells to culture
conditions (growth factors, inhibitory substances, etc).

Differentiation. The fusion percentage (number of nuclei in myotubes/total
nuclei x 100) is often used to assess the differentiation potential of a population (Vierck
et al., 1995). It is an indirect measure of DNA recruitment into myofibers and can be
used as an indicator of potential myofiber size. Differentiation may depend on several
intrinsic and extrinsic factors, such as satellite cell type and serum factors, respectively.
Nevertheless, not all satellite cells fuse when the culture reaches confluence. Some of
the satellite cells remain as mononucleated cells although they may be already
differentiated, i.e., they do not show mitosis, and they synthesize structural proteins.
However, some of the mononucleated cells may be contaminating fibroblasts. It is
challenging to distinguish between satellite cells and contaminating fibroblasts in
culture, because both types of cells have a very similar morphology. Antibodies against
structural muscle proteins (myosin heavy chains) are used to identify myotubes (Merly
et al., 1998), but the technique is not useful in the identification of unfused satellite cells
which are not capable of synthesizing myosin. The goal to identify muscle tissue and
satellite cells before the differentiation stage led scientists to develop immunochemical
techniques that detect desmin (an intermediate muscle filament) using monoclonal
antibodies (Debus et al., 1983). The technique has been widely used (Green and Allen,
1991; Rantanen et al., 1995; Molnar et al., 1996), and it seems to work well in cultures
of proliferating rat satellite cells. In contrast, cultures of proliferating bovine satellite
cells are desmin-negative because they do not synthesize desmin until after
differentiation (Allen et al., 1991). Thus, desmin synthesis depends not only on the
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stage of the satellite cells, but also on the species from which the cells were isolated.
Even in rats, there is evidence of a population of satellite cells that are desmin-negative,
but are capable of becoming desmin-positive if treated with corticosteroids (Molnar et
al., 1996), which suggests that the culture environment also plays an important role in
desmin synthesis. However, the desmin immunostaining technique is the most accepted
histological method for assessment of contamination by non-myogenic cells.
Hypothetical Relationship of the Callipyge Growth Model
to the Satellite Cell Culture Characteristics
The hypertrophy in Callipyge lambs could be achieved by either of two different
growth models, or by a combination of both. In the first model, cellular hypertrophy
would result from an increase in the number of "physiological cells" per fiber. This
would require increased satellite cell activity to support hypertrophy. It may be reflected
by increased proliferation and( or) differentiation of cultured satellite cells. The
increased proliferation may be an intrinsic characteristic of the cells or it may be
modulated by factors present in Callipyge serum. In the second model, cellular
hypertrophy would result from an accumulation of protein in the fiber, perhaps due to a
decreased protein degradation rate. It may be reflected by similar proliferation and( or)
differentiation potentials of Callipyge and normal satellite cells, but increased
protein:DNA ratios in myotubes formed from Callipyge satellite cells.
Because the in vitro characteristics of satellite cells isolated from Callipyge and
normal lambs should be consistent with the characteristics of the donor muscle, I
hypothesize that cultured satellite cells isolated from the hypertrophied muscles of
Callipyge lambs will show greater mitogenic response, increased fusion ratios, and( or)
increased protein accumulation per DNA unit than cultured satellite cells isolated from
muscle of normal lambs.
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CHAPTER II
SATELLITE CELL PROLIFERATION
Abstract

Because proliferation of satellite cells supports postnatal muscle growth, we
tested the hypothesis that muscle hypertrophy found in Callipyge sheep is linked to
increased proliferation of cultured satellite cells. Satellite cells were isolated from the
longissimus muscle of Callipyge (n

=3) and normal (n =3) lambs. Second passage

cells were cultured in the presence of pooled serum from horse (commercial), five
normal lambs, or five Callipyge lambs, respectively. The average population doubling
time (PDT, h) during log phase growth was calculated for cells from each animal
grown in each serum type. The effects of satellite cell type and serum type on PDT
were evaluated by ANOVA using a split-plot design with the random effect of animal
nested within satellite cell type. Population doubling time was not affected (P > .1) by
the interaction of satellite cell type with serum type, nor by satellite cell type alone.
Unexpectedly, PDT was longer (P < .05) for satellite cells (normal and Callipyge)
grown in Callipyge serum (PDT = 22 h) than for cells grown in normal sheep serum
(PDT

=20 h) or horse serum (PDT =18 h). These results indicate that muscle

hypertrophy of Callipyge sheep is not linked to intrinsic differences in proliferation of
cultured satellite cells. However, the increased PDT induced by Callipyge serum
suggests a relationship between satellite cells, Callipyge-serum factors, and muscle
hypertrophy. A complete understanding of such a relationship awaits elucidation of
the mechanism by which Callipyge serum increases the PDT of cultured satellite
cells, and establishment of a connection between increased PDT and muscle
hypertrophy.
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Introduction

An inherited natural mutation in sheep ( Ovis aries) is associated with several
characteristics including muscle hypertrophy. The gene was named Callipyge, mapped
to ovine chromosome 18 (Cockett et al., 1994), and characterized by an inheritance
pattern defined as "polar overdominance" (Cockett et al., 1996). The muscle
hypertrophy found in Callipyge lambs has been attributed to fiber type changes,
increased fiber size, and increased protein accumulation (Koohmaraie et al., 1995,
Carpenter et al., 1996). To date, it is not known what protein is coded for by the gene
or how the gene product affects muscle growth.
Because the Callipyge phenotype is not noticeable until about 2 wk after birth
(N. Cockett, personal communication), and because postnatal muscle growth is mainly
due to the recruitment of satellite cells to muscle fibers, it is probable that the muscle
hypertrophy in Callipyge lambs is related to changes in the characteristics of their
satellite cells. Satellite cells proliferate and fuse to existing myofibers during postnatal
muscle growth (Allen et al., 1979; Campion, 1984). Satellite cells are the major source
(up to 90%) of the DNA recruited postnatally (Allen et al., 1979), thereby increasing the
capacity of fibers to synthesize and maintain protein (Cheek et al., 1971). I hypothesize
that the muscle hypertrophy found in Callipyge sheep may be supported by an increased
proliferation of satellite cells. The proliferative capacity of the satellite cells may be
intrinsic to the cells and( or) may be induced by the presence of extrinsic factors present
in serum (Dodson et al., 1996). The objective of this study was to test whether the
muscle hypertrophy found in Callipyge sheep was linked to a change in proliferation of
cultured satellite cells.
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Materials and Methods

Animals. The animals used as muscle donors were ewe lambs from different
flocks. Three Callipyge lambs and two normal lambs (produced from crosses of
Rambouillets and Suffolks) were phenotyped by trained observers and genotyped using
primers that were previously mapped to the Callipyge region (Cockett et al., 1994). One
lamb (Rambouillet cross) from a third flock that was known as being free of the
Callipyge gene was also sacrificed. The Callipyge (CN: Callipyge allele inherited from
the sire and normal allele inherited from the dam) lambs (n = 3) had an average carcass
weight of 24.8 + 7.5 kg, and they were 295 + 17 days old. The normal (NN) lambs used
for the study (n = 3) had an average carcass weight of 20.6 + 13.5 kg, and they were
240 ± 114 days old.
Muscle Samples. Samples (about 100 g) were taken from the right longissimus
dorsi between the 8th and 11th ribs. Samples were obtained immediately after slaughter
and immersed in a buffer solution (Hank's Balanced Salt Solution, with sodium
bicarbonate, without phenol red, calcium chloride and magnesium sulfate= HBSS) at
room temperature. Isolation of satellite cells began within 2 h after death of the lambs.
Satellite Cell Isolation and Storage. Satellite cells were isolated following the
technique of Dodson et al. (1986) with some modifications (see Appendix A). All
incubations were performed at 37°C, in 5% C02, 95% humidified air. After isolation
and preplating in uncoated flasks for 2 h to remove fibroblasts, the cell suspensions
were incubated until confluence in 75 cm2 flasks coated with Matrigel® (Collaborative
Biomedical Products, Bedford, MA, concentration 1: 100 in HBSS). The medium used
for growth (GM) contained 83.9% (v/v) of McCoy's SA (catalog no. 21500-061, Life
Technologies, Grand Island, NY), 15% (v/v) of horse serum (catalog no. SH30074.03,
Hyclone Laboratories, Logan UT), 1% (v/v) of antibiotic-antimycotic solution (catalog
no. A5955, Sigma Chemical, St. Louis, MO), and .1 % (v/v) of gentamicin solution
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(catalog no. G1272, Sigma Chemical, St. Louis, MO). When the cultures reached
confluence, the flasks were rinsed twice with HBSS and incubated for 25 min with 7
mL of a solution of Dispase (protease from Bacillus polymyxa, catalog no. P3417,
Sigma Chemical, St. Louis, MO), prepared as 2.4 units/mL in HBSS, and filtersterilized through a 0.2-µm pore size membrane. Twenty mL of GM was added to each
flask to stop the enzymatic digestion, and the cell suspensions were repeatedly pipetted
to ensure a good dispersion. The cell suspensions were centrifuged (at 1,500 g for 6
min), and the cell pellets were dissolved with 20 mL of freezing medium (every 100 mL
of freezing medium consisted of 20 mL of horse serum plus 10 mL of dimethyl
sulfoxide and 70 mL of McCoy's SA). These cell suspensions (consisting of first
passage cells) were immediately aliquoted in 2-mL cryovials and placed in a slow-rate
cooler (Mr. Frosty®, Nalge Company, Rochester, NY) at -70°C overnight. On the next
day, cryovials were quickly removed from the deep freezer and placed in a liquid N2
dewar tank.
Second Passage Satellite Cells. Frozen satellite cells were thawed by
immersion in a water bath (37°C), diluted with 20 ml of GM, and incubated in pig skin
gelatin-coated (PSG: 2% w/v in distilled water, autoclaved) 75 cm 2 flasks. The cells
were incubated for about 72 h in GM to allow for the recovery after the freezing
procedure, and to obtain a suitable number of cells for the experiment. After 72 h, the
medium was discarded and the cultures were rinsed twice with HBSS. The cultures
were trypsinized with 3 mL of 0.25% trypsin-EDT A solution (catalog no. SH30042.01,
Hyclone Laboratories, Logan UT ) for 25 min. Then, 25 mL of GM was added to each
flask to stop the enzymatic action, and the cells were dispersed by repeatedly pipetting
the cell suspensions. The cell concentration was determined in 400-µL samples diluted
with 19.6 mL (20.0 mL total) of an isotonic solution (lsoton II®, Coulter Corporation,
Miami, FL) using an electronic cell counter (Coulter Counter model ZII®, Coulter
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Corporation, Miami, FL). The cell suspensions were diluted with growth medium to
obtain a final concentration of 2 x 104 cells/mL. These second passage cells were used
in the proliferation experiment.

Serum. Sheep blood was collected at the Utah State University slaughter facility
from 5-month old Callipyge (n

=6) and normal (n = 6) ram lambs that were used in

another experiment. Blood was immediately aliquoted in 50-mL centrifuge tubes,
allowed to coagulate at 4°C overnight, and centrifuged at 2,000 g for 1 h. The
supernatant was sterilized through a 0.2-µm pore size membrane (Vacucap 90, Gelman
Sciences, Ann Arbor, Ml) and frozen at -70°C. Forty mL of serum of each lamb was
thawed and pooled by phenotype, filter sterilized again, aliquoted into centrifuge tubes,
and stored frozen (-20°C). Defined horse serum (from donor herd) was purchased from
Hyclone Laboratories (catalog no. SH30074.03).

Proliferation. Second passage cells suspended in GM (2 x 1o4 cells/mL) were
seeded (1 mL/well) into pig skin gelatin-coated 24-well plates (PSG 2% w/v in distilled
water). Three plates were prepared per animal, making a total of 18 plates. After 24 h to
allow attachment, wells were rinsed with treatment media (expressed in v/v: 83.9%
McCoy's SA, 1% antibiotic-antimycotic solution, .1 % gentamicin, and 15% serum from
either Callipyge lamb, normal lamb, or horse, respectively) and treatments were applied
(one treatment per plate). Every 24 h, for a total of 4 days, three wells/plate were rinsed
twice with HBSS and trypsinized for 20 min with 1 mL of crude trypsin (0.25% ). Cells
were dispersed by repeated pipetting and cell number determined in 400-µL samples
using a Coulter Counter. Two counts were performed per well.

Calculations. Seeding efficiency (SEF) was calculated as:
SEF _ number of cells obtained 24 h after seeding
number of cells seeded
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where number of cells seeded at 0 h was 2 x 104 cells/well for all treatments. Number
of cells obtained at 24 h was the average from 9 wells per animal.
Regression lines were fitted to the growth curves (log cell number versus time,
see Figure I). The slopes of the regression lines were used to calculate Population
Doubling Times (PDT) during exponential growth as follows:
PDT= t2 - ti, where t I =any time within log phase growth, and t2 = time when the cell
number is double that at tI.

slope = Y2 - YI
x2- XI

log (2 x cell number at ti) - (log cell number at ti)
t1 - tI

p DT = t2 - tI =

log (cell number at ti) +log 2 - log (cell number at tI)
slope

PDT= log 2
slope

Statistical Analysis. The effect of satellite cell type on SEF was evaluated by

one-way ANOVA. The effects of satellite cell type (normal or Callipyge) and serum
type (normal lamb, Callipyge lamb or horse) on PDT were analyzed by ANOV A (Table

B. I) with the OLM procedures of SAS, for a split-plot design (Hicks, I993), with the
random effect of animal nested within satellite cell type. Means were compared by
orthogonal contrasts (Hicks, I993).
Results and Discussion

Seeding Efficiency. SEF values were not different (P > .10) for satellite cells
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Figure 1. Growth curve for satellite cells from a Callipyge lamb cultured in
horse serum. Treatment medium was applied at 24 h. The data for 0 and 120 h time
points were not used for calculating PDT because the cells were not in log phase
growth. The slope from linear regression (y = .015x + 4.021, R2 = .991) of the
remaining data was used to calculate PDT (PDT= log 10 2/slope). The minimum R2
observed for all regression equations was .931.
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isolated from lambs of the Callipyge or normal phenotype, suggesting that the cell type
did not affect their intrinsic ability to attach to the substrate or their survival to the
trypsinization process. In addition, the 95% confidence intervals included 1, indicating
that the number of cells recovered was not different from the number of cells seeded, so
there was no proliferation.

Satellite Cell Growth Curves. Typical growth curves were obtained for all
treatments and showed a lag phase, log growth phase, and a plateau (Figure 1). Before
24 h in culture, most of the cell populations were apparently in the lag phase of growth.
The lag phase is an adaptation period during which the cells resynthesize their
cytoskeleton and attach to a coated surface. During this period, there is little increase in
cell number (Freshney, 1994). After the lag phase, the cells start to divide by mitosis
and increase their number in an exponential rate (log growth phase). In all cases, the
best linear fit for log cell number vs time was from 24 h to 96 h, indicating that this was
when the satellite cells were proliferating at exponential rates. Between 96 hand 120 h,
all cultures were confluent as judged by observations under inverted microscope.
During the plateau phase, the proliferation rates were likely slower than at the log
growth phase, and( or) were probably also compensated by cell death.

Population Doubling Time. The effects of satellite cell type and serum type on
PDT are reported in Table 1. Interactions between satellite cell type and serum type
were not detected (P = 0.45). Population doubling time was not affected (P = 0.82) by
satellite cell type, indicating that the intrinsic proliferative capacity was not different
between Callipyge and normal satellite cells. Proliferation of satellite cells in culture
may not be exactly representative of their proliferation in vivo. Proliferation in culture
may be affected by the coating surface of the flask, the nutrients in the environment and
by the initial cell density (Freshney, 1994), whereas rates of proliferation in vivo may be
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affected by factors present in serum or by factors secreted from muscle tissue (Dodson
et al., 1996).
Still, satellite cell proliferation is considered a key factor in regulating muscle
growth (Allen et al., 1979). McFarland et al. (1993) found that clonal-derived satellite
cells from a turkey variety characterized by rapid body growth rates had an increased
proliferation and were more responsive to mitogenic factors in serum when compared to
satellite cells from a wild turkey variety. Although the differences between the two
types of turkey satellite cells were statistically significant, differences were in fact very
small. Additionally, data represented only relative cell numbers rather than
Table 1. Population doubling time (PDT) of satellite cells obtained from
Callipyge and normal lambs, cultured in different serum typesa

Effect and grouping

Satellite cell type

Significance

Mean PDT

(Pvalue)

(h)

.82

3

Normal (n =3)

20

Callipyge (n = 3)

20

Serum Type
Horse (n

=6)

Standard error

1

<.01

18X

Normal lamb (n =6)

20Y

Callipyge lamb (n =6)

22z

Satellite cell type X serum type
.45
asatellite cells were cultured in pig skin gelatin coated plates in growth medium
(McCoy's SA containing 15% of serum from either horse, normal lamb or Callipyge
lamb, plus antibiotics). Cell counting was performed every 24 h for 5 days. For
calculation of PDT see text
x, y, ZWithin a significant effect, means lacking a common superscript letter differ (P <
.05)
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proliferation rates or PDT. When growth studies consist of relative population
increases, small variations in initial plating efficiency that carry over through time may
result in misinterpretation.
Serum type affected PDT (P < .01). Satellite cells cultured with horse serum
showed the shortest mean PDT (P < .05) when compared to those cultured with normal
lamb and Callipyge lamb serum. Unexpectedly, Callipyge lamb serum produced the
longest PDT (P < .05). Thus, satellite cells grew slower when exposed to Callipyge
lamb serum as compared to normal lamb and horse serum. These results suggest that the
serum factors may be altered in Callipyge lambs.
Callipyge serum may have a deficient level of some growth factor necessary to
maintain a normal satellite cell proliferation rate, or it may contain a factor that
regulates proliferation. Growth factors that are known to stimulate the proliferation of
ovine satellite cells include insulin, glucocorticoids, fibroblast growth factor, and IGF-1
(reviewed by Dodson et al., 1996). A factor that is known to suppress proliferation of
satellite cells in some species is transforming growth factor B-1 (TGF B-1) although the
effect on ovine satellite cells may vary with the stage of development of the muscle
(Hathaway et al., 1994).
On the other hand, Callipyge serum may preferentially activate a satellite cell
population that has a slower rate of proliferation. Studies in several species including
turkey (McFarland et al., 1995), sheep (Molnar and Dodson, 1993), and rats (Rantanen
et al., 1995; Molnar et al., 1996) showed that satellite cell isolates represent
heterogeneous populations regarding their proliferative potential. An interesting
hypothesis speculates that at least two types of satellite cells coexist in postnatal skeletal
muscle. A slow-proliferating subpopulation would be responsible for growth and would
be present only in growing muscle, and a fast-proliferating subpopulation would be

responsible for muscle repair after injury and would be present in muscle throughout
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life (Cossu and Molinaro, 1987). Assuming that both satellite cell subpopulations were
present in our isolates, Callipyge serum may have the ability to preferentially activate
the "growth" rather than the "repair" subpopulation. Because growth satellite cells are
characterized by slower rates of proliferation in vitro, their preferential activation by a
factor in Callipyge serum could cause the overall increased PDT observed in our study.
Implications

This study indicates that an increased overall proliferation rate of satellite cells
may not be necessary to achieve the hypertrophy observed in Callipyge lambs.
However, the present study procedures may have been unable to detect intrinsic
differences in the proliferative capacity between Callipyge and normal satellite cells
because of several possible reasons such as the limited number of animals used, the age
of the animals (past the fast somatic growth phase), or a poor link between the cell
culture model and the in vivo situation. Nonetheless, Callipyge lamb serum decreased
the proliferation rate of satellite cells, which suggests that the growth factors may be
altered in Callipyge serum. The possible connection between a decreased satellite cell
proliferation rate and muscle hypertrophy remains unclear at this moment.
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CHAPTER III
SATELLITE CELL DIFFERENTIATION
Abstract

In the present study, we tested the hypothesis that muscle hypertrophy found in
Callipyge sheep is linked to increased ability of cultured satellite cells to fuse into
my_otubes. We also studied the accretion of protein and DNA by differentiated satellite
cell (myotubes) cultures. Satellite cells were isolated from the longissimus muscle of
Callipyge (n

=3) and normal (n =3) lambs. Second passage cells

from each animal

were cultured in plates and induced to proliferate in growth medium for 72 h. Then,
cultures were switched to differentiation medium (DM) to induce cell fusion, and
incubation continued for 4 days. DNA and protein contents were determined in plates
exposed to DM for 0, 24, 48, 72, and 96 h. Fusion percentage was determined after 72 h
in DM, in a plate stained with Giemsa. The effects of satellite cell type (Callipyge vs.
normal) on protein and DNA content and protein:DNA ratio were evaluated by
ANOVA in a split-plot design with the random effect of animal nested within satellite
cell type. Callipyge cultures tended (P

=.14) to have higher fusion% than normal

cultures (28.4 + 4.0% versus 17.8 ± 3.1 %, respectively, mean + SEM). The lack of
statistical significance in fusion % was probably due to the limited number of
experimental units (n = 3 animals per phenotype). DNA content (µg/well) was not
affected by satellite cell type (P = .73) nor by time (P

=.13), although there was an

interaction (P = .05) between cell type and time. Protein content (µg/well) and
protein: DNA ratio (µg of protein/µg of DNA) were not affected by satellite cell type (P

=.80) but increased over time (P < .01) without interactions between cell type and time
(P > .20). The results suggest that Callipyge satellite cells may have an increased

tendency to fuse as compared to the normal cultures. Greater fusion percentages could
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be linked to an increased DNA recruitment into myofibers in vivo, allowing Callipyge
my_ofibers to maintain more protein and become larger than normal myofibers. On the
other hand, this study did not detect greater protein:DNA ratios in cultures of Callipyge
satellite cells that would suggest a greater capacity for protein accretion per unit of
DNA.
Introduction

The Callipyge gene, located in ovine chromosome 18 (Cockett et al., 1994), is
associated with muscle hypertrophy of the valuable muscles of the loin and leg,
increased efficiency of weight gain, leaner carcasses (Jackson et al., 1997a, b, c),
increased proportion of fast twitch glycolytic fibers, increased fiber size (Koohmaraie et
al., 1995; Rice, 1995; Carpenter et al., 1996), and decreased protein degradation
(Koohmaraie et al., 1995; Shackelford et al., 1998). At this time, the product of the gene
is not known, nor is the manner by which it induces the muscles to hypertrophy.
The facts that postnatal muscle growth is supported by satellite cells (Allen et
al., 1979), and that Callipyge hypertrophy is observed postnatally (N. Cockett, personal
communication) suggest that satellite cells may play an important role in Callipyge
muscle growth. Skeletal muscle satellite cells are small, mononucleated cells (Mauro,
1961) that are responsible for providing additional DNA to enlarging myofibers in
growing muscle. It has been generally accepted that muscle growth in meat-producing
animals is achieved through an increased satellite cell activity (Allen et al., 1979),
including either an increase in proliferation rate and( or) an increase in the proportion of
cells that fuse to existing fibers. Nevertheless, in a previous study (Rodriguez et al.,
1998) we were unable to detect greater proliferation rates of Callipyge satellite cell
cultures. The objective of the present study was to test whether or not cultured satellite
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cells from Callipyge lambs differ from satellite cells from normal lambs with regard to
their differentiation characteristics, or in their capacity to support protein accumulation.
Materials and Methods

Animals and Satellite Cells. The animals and preparation of second passage
satellite cells were as described in Chapter II.

Cell Culture. Plates (with 24 wells) were coated with Matrigel® (Collaborative
Biomedical Products, Bedford, MA) 1: 100. Matrigel® was thawed following
manufacturer's instructions, diluted 1: 100 with cold HBSS, added as aliquots of 500
µUwell, and incubated for 1 h in a humidified C02 incubator at 37°C. The supernatant
was removed, and the plates were used immediately. Cells suspended in growth
medium (l.8 x 1o4 cells/mL) were prepared from each animal and added to the plates (1
mUwell). Growth medium (GM) contained 83.9% (v/v) of McCoy's 5A (catalog no.
21500-061, Life Technologies, Grand Island, NY), 15% (v/v) of horse serum (catalog
no. SH30074.03, Hyclone Laboratories, Logan UT ), 1% (v/v) of antibiotic-antimycotic
solution (catalog no. A5955, Sigma Chemical, St. Louis, MO), and .1 % (v/v) of
gentarnicin solution (catalog no. G1272, Sigma Chemical, St. Louis, MO). Twelve
plates were used, each of them containing cell suspensions from each of the 6 animals
(3 wells/animal). All plates were incubated for 72 h (37°C, 5% C02, 95% humidified
air) in GM with one media change at 48 h. After 72 h of proliferation, all cultures were
rinsed once with differentiation medium (DM) containing 97.4% (v/v) of Dulbecco's
Modified Eagle's Medium (low glucose type: 1,000 mg of glucose/L, catalog no.
05523, Sigma Chemical, St. Louis, MO), 1.5% (v/v) of horse serum, 1% (v/v) of
antibiotic-antimycotic solution, and .1 % (v/v) of gentarnicin solution. One mL of DM
was added to each well, and this moment was considered time 0 h of the differentiation
phase. The plates were incubated for 4 days in the conditions mentioned above, with
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daily media changes. Beginning at time 0 h, and every 24 h for 4 days, two plates were
rinsed once with HBSS, and after aspirating as much liquid as possible, the plates were
immediately placed in a freezer (-80°C) until DNA and protein could be determined.
After 72 h in DM, two additional plates were rinsed once with phosphate buffer saline
solution (PBS) pH 7.4, then rinsed twice with PBS: methanol (1: 1), incubated for 10 min
with PBS:methanol, and finally fixed with methanol. One of the plates was stored dry
until stained with Giemsa. The remaining plate was rehydrated for 20 min with
PBS: methanol, and for 20 min with PBS. The plate was then immunostained to detect
desmin-producing cells.

Methodology. The DNA and protein determination procedures and the method
of desmin immunostaining are described in Appendix A. DNA concentration (ng/well)
was determined according to the methods described by Labarca and Paigen (1980) and
by Rago et al. (1990) with some modifications (see Appendix A). The protein
co11centration (µg/well) was determined using a kit (available from Pierce®, Rockford,
IL) and based on the bicinchoninic acid (BCA) colorimetric procedure (Smith et al.,
1985). Desmin immunostaining was performed using a kit with monoclonal antibodies
against desmin (Sigma catalog no. IMMH-5) and following the manufacturer's
instructions. The desmin antibody was applied to two wells/animal, and a negative
mouse control was applied to 1 well/animal.
Giemsa staining was performed by incubating the dehydrated plate with Giemsa
solution (Accustain®, Sigma catalog no. GS-500) diluted in double distilled (dd) water
(1:20, 1 mUwell) for 40 min at room temperature. Each well was then rinsed several
times with dd water until the desired coloration was achieved. Photographs of antidesmin and Giemsa staining were taken of six random fields/well (lOOX magnification)
using an inverted microscope (Olympus®). In the Giemsa pictures, the number of
individual nuclei (unfused) and nuclei inside myotubes (fused) were recorded.
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Myotubes were defined as three or more nuclei surrounded by a continuous membrane
(Figure 2). Fusion ratio was calculated as number of fused nuclei/total nuclei.
In the pictures of the wells stained with anti-desmin antibody, only the unfused
cells that were desmin negative were counted.

Statistical Analysis. The effects of satellite cell type on fusion %, number of
fused nuclei, number of unfused nuclei, and number of total nuclei were analyzed by
one-way ANOV A (Tables B.2, B.3, B.4, and B.5, respectively). The effects of day
(whole plot factor) and phenotype (sub plot factor) on DNA and protein contents and
protein:DNA ratios per well were analyzed by ANOVA (Tables B.6, B.7, and B.8
respectively) with the GLM procedures of SAS, for a split-plot design (Hicks, 1993).
Animal effect was considered nested within phenotype. Means were compared by
Fisher's least significant difference procedure (Ott, 1988).
Results and Discussion

Fusion Ratios. The average fusion ratio for Callipyge satellite cell cultures after
72 h in DM was 28% versus 18% for the normal satellite cells (Table 2). Although the
difference between means did not reach statistical significance (P

=.14), it is likely that

it would have been significant if more animals had been used. The average number of
fused nuclei (obtained by adding the numbers in six photographic fields/well and
averaging three wells per animal) tended to be greater (P= .11) in Callipyge cultures
than in normal cultures. Differences were not detected in the average unfused (P = .90)
and total (P

=.84) nuclei between Callipyge and normal satellite cell cultures.

In the present study, the experimental units consisted of individual animals (n

=

3). On the contrary, other studies using cell culture models used number of clones,
wells, or number of observations per well as experimental units (McFarland et al., 1993,
1995; Merly et al., 1998) which dramatically increase the degrees of freedom of the
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analyses and the repeatability. Therefore, even when the differences were small, they
had statistical significance in the mentioned studies.
The results suggest that Callipyge cell cultures tend to have increased fusion
ratios when compared to normal cell cultures. An increased fusion ratio in vitro could
reflect increased DNA recruitment in vivo, which would increase the number of DNA
units per fiber. Thus, Callipyge fibers would be able to maintain larger amounts of
protein than normal fibers do, leading to increased size.
In general, it is believed that cultures containing more than 80% offused nuclei
have a minimal contamination with fibroblasts (McFarland et al., 1988), but cultures
with low fusion percentages are mostly non-myogenic. However, the degree of nonmyogenic cell contamination is difficult to assess based solely on the fusion
percentages. Because proliferating and differentiated muscle cells, either in the form of
myotubes or as mononucleated cells, are capable of synthesizing desmin (an
Table 2. Average fusion ratios, and amount of fused, unfused, and
total nuclei in Callipyge and normal satellite cell cultures a
Significance

Callipyge

Normal

Standard

Measurementb

(P value)

(n = 3)

(n=3)

error

Fused nucleic

.11

1,312

829

290

Unfused nuclei

.90

3,665

3,835

1,624

Total nuclei

.84

4,977

4,663

1,793

Fusion ratio (%)d
.14
28
18
7
asatellite cells were incubated for 72 h in growth medium, switched to differentiation
medium, incubated for another 72 h, fixed with methanol and stained with Giemsa.
Photomicrographs (lOOX magnification) were taken from 6 random fields per well.
Three wells were used for each animal.
bNumbers are based on the averages of 3 animals per phenotype and 3 wells per animal.
The numbers obtained for each well represent the total from 6 random fields.
CNuclei were considered fused when 3 or more nuclei were included within a
continuous membrane
dcalculated as (number of fused nuclei/number of total nuclei) x 100.
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intermediate filament), and fibroblasts are not (Debus et al., 1983; Allen et al., 1991), an
immunostaining method to detect desmin-positive cells was used to assess the level of
fibroblast contamination of the cultures in this study. In this study, it was observed that
many cells, unfused after 72 h in DM, were desmin-positive (Figure 2), which suggests
that the fusion ratio by itself was not a true indicator of the purity of the culture. The
desmin-positive unfused cells may belong to a population of satellite cells with "stem
cell-like" function in vivo (Allen et al. , 1991).
In our study, Callipyge satellite cell cultures had an average of 100 desminnegative cells per microscopic field, which equaled to about 16% of the unfused cells
and about 12% of the total nuclei (data not shown). Similarly, normal satellite cell
cultures had an average of 92 desmin-negative cells per field, which equaled about 14%
of the unfused cells and about 12% of the total nuclei. Assuming that the desmin negative cells in this study were fibroblasts , then the approximate fibroblast
contamination of the cultures was only 12% of the total nuclei.
The extent of fusion of the cultures used in this study may have declined
because the primary cultures and first passage cultures were allowed to reach
confluence before trypsinization. At confluence, some cells may start to fuse and form
myotubes, depleting the myogenic component of the population (Yaffe, 1968; Richler
and Yaffe, 1970), and therefore resulting in the observed low fusion percentages (Figure
3). Additionally, the presence of serum in the differentiation medium contributes to low
fusion percentages (Allen et al., 1991).
Protein and DNA Contents and Protein:DNA Ratio. Protein and DNA contents
and protein: DNA ratio are presented in Table 3. Phenotype of the satellite cells did not
affect ( P

=.73) the DNA contents (µg per well). Time of exposure to differentiation

medium did not have a significant effect on DNA (P= .13), but there was a significant
interaction between phenotype and time (P < .05). These results suggest that although
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Figure 2. Anti-desmin antibody staining of normal satellite cells cultured for 3
days in differentiation media.

Figure 3. Giemsa staining of Callipyge (left) and normal (right) satellite cell
cultures containing myotubes and unfused cells, after 3 days in differentiation media.
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Table 3. Effect and pooled mean values of DNA concentration (µg/well), protein
concentration (µg/well), and protein:DNA ratios (µglµg) of normal and Callipyge
satellite cell cultures exposed to differentiation mediuma

DNA (µg/well)

Protein (µg/well)

Ratio (µg/ µg)

P=.73

P=.80

P=.79

Normal

1.8

59

35

Callipyge

2.0

62

33

Standard error

1.5

25

12

Timeb

P= .13

P<.01

P<.01

Oh

1.7

45x

29Y

24h

1.9

52XY

3oyz

48h

1.9

65yz

35yz

72h

1.9

67Z

36YZ

96h

1.9

72Z

39z

Standard Error

.1

5

3

Effect and grouping

Satellite cell type

Satellite cell type x time
P < .05
P = .55
P = .24
asatellite cells were incubated in Matrigel® (1: 100) coated 24-well plates, in McCoy's
SA-15% horse serum plus antibiotics. After 3 days medium was switched to DME-1.5%
horse serum plus antibiotics. Treatments were replicated using 3 wells per animal per
day.
hTime in h after switched to differentiation medium.
x, y,ZWithin a significant effect, means lacking common superscripts are different (P<
.05)

cell numbers of the cultures did not change over time, Callipyge and normal satellite
cells seem to present a different behavior in their DNA profiles when exposed to
differentiation medium.
Protein concentration (µg/well) was not affected by cell phenotype ( P = .80) but
increased with time (P < .01) for both cell types. There was no interaction between
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phenotype and time (P

=.55).

These results indicate that the satellite cell cultures were

actively synthesizing and accumulating protein while exposed to differentiation
medium.
Protein: DNA ratios (µg of protein per µg of DNA per well) were not affected by

=.79) but increased over time (P < .01) with no interaction
between satellite cell type and time (P =.24). This is an indication that the myotubes
satellite cell type (P

were accumulating protein and probably increasing in size. If the incubation in
differentiation medium were continued for a longer time, it is possible that the
protein:DNA ratios would continue to increase. Although there was no difference
between protein:DNA ratios between the cell types at the times studied, the plots show
a probable plateau for normal cells, and Callipyge cultures appeared to continue
increasing the protein:DNA ratios up to 96 h in differentiation medium (Figure 4).
According to Carpenter et al. (1996), protein:DNA ratios may be higher in
Callipyge hypertrophied muscles (longissimus dorsi, semitendinosus, and gluteus
medius). Nevertheless, we failed to find higher protein:DNA ratios in Callipyge satellite
cell cultures. The myotubes may require a longer time in culture to be able to
accumulate large amounts of protein in order to let the differences be large enough to be
distinguishable. Alternatively, it is possible that the amount of protein accretion
necessary to observe differences between Callipyge and normal protein:DNA ratios will
never be achieved in culture because of the limitations of the model. Enough protein
accretion may be possible only in mature myofibers but not in 3-day-old myotubes. In
addition, the cells may require factors present in serum to increase their protein: DNA
ratios. Serum is known to affect proliferation of normal and Callipyge satellite cells
(Chapter II) and may also affect satellite cell differentiation and protein accretion. For
example, it has been reported that ruminant blood plasma carries high concentrations of
peptide-bound aminoacids that affect the protein accretion and cell proliferation of

42

I

<+....
0

~

·-

,

35

, ,,.

,,.o------'-'

$

l

0

$..c

0.
<+....

0

~
..............

__I_______ _

30

25

~

callipyge

- - o- -

normal

20---~~~~-.-~~~~....-~~~--.

24

48

72

96

time in differentiation medium (h)

Figure 4. Protein: DNA ratios (ng of protein/ng of DNA) of Callipyge and
normal satellite cell cultures at different times in differentiation medium (DM). DM was
added to the cultures after being incubated for 72 h in growth medium. The time of DM
addition was considered time 0 h. Bars represent positive or negative standard errors of
the means.
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ovine satellite cell cultures (Pan and Webb, 1998). Protein accretion in satellite cell
cultures exposed to Callipyge and normal serum needs to be investigated.
In agreement with the present results, Koohmaraie et al. ( 1995) found similar
protein:DNA ratios in Callipyge hypertrophied muscles and normal muscles and
hypothesized that Callipyge hypertrophy may be achieved by an increased DNA
recruitment into myofibers and( or) by a decreased proteolysis in muscle. However, a
decreased proteolysis in vivo should be reflected by increased protein: DNA ratios in
muscle tissue.
Implications
The possible greater fusion of satellite cells from Callipyge lambs, as compared
to those from normal lambs, suggests that Callipyge muscle hypertrophy may be
achieved through an increased recruitment of DNA units into myofibers, allowing
muscle cells to support more protein and, therefore, have larger sizes. The cell culture
model did not detect that satellite cells from Callipyge lambs had a greater capacity for
protein accumulation than did cells from normal lambs. However, protein accretion in
Callipyge satellite cell cultures may be affected by serum factors and needs further
investigation.
Literature Cited
Allen, R.E., R.A. Merkel, and R.B. Young. 1979. Cellular aspects of muscle growth:
myogenic cell proliferation. J. Anim. Sci. 49: 115-127.
Allen, R.E., L.L. Rankin, E.A. Greene, L.K. Boxhom, S.E. Johnson, R.G. Taylor, and
P.R. Pierce. 1991. Desmin is present in proliferating rat muscle satellite cells but
not in bovine muscle satellite cells. J. Cell. Physiol. 149:525-535.

44
Carpenter, C.E., O.D. Rice, N.E. Cockett, and G.D. Snowder. 1996. Histology and
composition of muscles from normal and Callipyge lambs. J. Anim. Sci. 74:388393.
Cockett, N.E., S.P. Jackson, T.D. Shay, D. Nielsen, S.S. Moore, M.R. Steele, W.
Barendse, RD. Green, and M. Georges. 1994. Chromosomal localization of the
Callipyge gene in sheep ( Ovis aries) using Bovine DNA markers. Proc. Natl.
Acad. Sci. USA 91:3019-3023.
Debus, E., K. Weber, and M. Osborn. 1983. Monoclonal antibodies to desmin, the
muscle-specific intermediate filament protein. The EMBO Journal 2:23052312.
Hicks, C.R. 1993. Fundamental concepts in the design of experiments. Holt, Rinehart,
and Winston, Inc. USA.
Jackson, S.P., R.D. Green, and M.F. Miller. 1997a. Phenotypic characterization of
Rambouillet sheep expressing the Calliyge gene: I. Inheritance of the condition
and production characteristics. J. Anim. Sci. 75:14-18.
Jackson, S.P., M.F. Miller, and RD. Green. 1997b. Phenotypic characterization of
Rambouillet sheep expressing the Calliyge gene: II. Carcass characteristics and
retail yield. J. Anim. Sci. 75: 125-132.
Jackson, S.P. , M.F. Miller, and RD. Green. 1997c. Phenotypic characterization of
Rambouillet sheep expressing the Calliyge gene: III. Muscle weights and muscle
weight distribution. J. Anim. Sci. 75: 133-138.
Koohmaraie, M., S.D. Shackelford, T.L. Wheeler, S.M. Lonergan, and M.E. Doumit.
1995. A muscle hypertrophy condition in lamb (Callipyge): Characterization of
effects on muscle growth and meat quality traits. J. Anim. Sci. 73:3596-3607.
Labarca, C., and K. Paigen. 1980. A simple, rapid and sensitive DNA assay procedure.
Anal. Biochem. 102:344-352.

45
Mauro, A. 1961. Satellite cell of skeletal muscle fibers . Biophys. Biochem. Cytol.
9:493-495.
McFarland, D.C., M.E. Doumit, and R.D. Minshall. 1988. The turkey myogenic
satellite cell: Optimization of in vitro proliferation and differentiation. Tissue
and Cell 20:899-908.
McFarland, D.C., K.K. Gilkerson, J.E. Pesall, J.S. Walker, and Y.Yun. 1995.
Heterogeneity in growth characteristics of satellite cell populations. Cytobios
82:21-7.
McFarland, D.C., J.E. Pesall, K.K. Gilkerson, and T.A. Swenning. 1993. Comparison of
the proliferation and differentiation of myogenic satellite cells derived from
Meniam's and commercial varieties of turkeys. Comp. Biochem. Physiol.
104A(3):455-460.
Merly, F., C. Magras-Resch, T. Rouaud, J. Fontaine-Peros, and M.F. Gardahaut. 1998.
Comparative analysis of satellite cell properties in heavy- and lightweight
strains of turkey. J. Muscle Res. Cell Motility 19:257-270.
Ott, L. 1988. An Introduction to Statistical Methods and Data Analysis. (3rd Ed). PWSKent Publishing Company, Boston, MA.
Pan, Y., and K.E. Webb, Jr. 1998. Peptide-bound methionine as methionine sources for
protein accretion and cell proliferation in primary cultures of ovine skeletal
muscle. J. Nutr. 128:215-256.
Rago, R., J. Mitchen, and F. Wilding. 1990. DNA fluorometric assay in 96-well tissue
culture plates using Hoechst 33258 after cell lysis by freezing in distilled water.
Anal. Biochem. 191:31-34.
Rice, O.D. 1995. Muscle fiber types, measures of tenderness, muscle composition, and
DNA:RNA:protein ratios in various muscles of normal and Callipyge lambs.
M.S. Thesis, Utah State Univ., Logan.

47
CHAPTER IV
SUMMARY
In this study, three lambs expressing the Callipyge phenotype and three normal
lambs were used as muscle donors for cell culture experiments. Satellite cells isolated
from the longissimus muscles of the lambs were incubated, and their characteristics
(proliferation, fusion%, and protein:DNA ratio) were evaluated.
In the first experiment, satellite cells were cultured in the presence of different
serum types (horse, normal lamb, or Callipyge lamb) and compared as for their
proliferation rates. The proliferation rates of Callipyge and normal satellite cells were
not different, which suggests that muscle hypertrophy of Callipyge sheep is not linked
to intrinsic differences in proliferation of cultured satellite cells. However, the satellite
cells grown in Callipyge serum showed the lowest proliferation rates when compared to
those grown in horse or normal lamb serum. This result suggests that serum factors may
be altered in Callipyge animals and may be related to muscle hypertrophy. The
relationship between muscle hypertrophy and decreased proliferation rates remains
unclear at this moment.
In the second experiment, the DNA content, protein content, and protein:DNA
ratio were examined in satellite cell cultures 24, 48, 72, and 96 h after being induced to
differentiate. Fusion percentages were determined in pictures of cultures stained with
Giemsa after 72 h in differentiation medium. Callipyge cultures tended to have greater
fusion percentages than normal cultures, which suggests that Callipyge myofibers may
be able to incorporate a greater number of nuclei than normal myofibers. More DNA
units would allow the myofibers to support more protein. This study did not
demonstrate evidence of an increased protein: DNA ratio in Callipyge cultures, which
indicates that Callipyge cultures do not differ from normal cultures in their ability to
accrue protein.
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In summary, this study provides evidence to support the hypothesis that the
muscle hypertrophy of Callipyge lambs may involve a more extensive fusion of satellite
cells into myofibers. This increased DNA content resulting from increased fusion of
satellite cells into the myofiber could allow the muscle cell to support more protein, and
lead to cellular hypertrophy.
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Appendix A. Standard Operating Procedures
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Satellite Cell Isolation from Adult Ovine Muscle
Chemicals

CAS No.

Hazard(s)

- Protease from Streptomyces griseus
- Hank's Balanced Salt Solution
- Antibiotic-antimycotic mix
- McCoy's 5A medium
- Horse serum (sterile)
- Gentamicin solution
- Ethanol 70%

64-17-5

- Pig skin gelatin
- Dimethyl Sulfoxide (DMSO)

67-ffi-5

Equipment
- Autoclave
- Laminar flow hood
- C02 incubator
- Centrifuge
- Hot plate and magnetic stirrer
- Warm water bath (37°C)
- Sterile scalpels, media bottles and petri dishes.
-Tweezers
- Scissors
- Sterile shaking flasks with magnetic stir bar
- Lighter
- Pipettor
- Sterile and disposable 25 mL pipettes
- Sterile and disposable 50 mL centrifuge tubes
- Sterile cell strainers (70 µm pore size)
- Sterile 75 cm2 tissue culture flasks (uncoated and coated with 2% pig skin gelatin)
- Sterile 2 mL cryovials, with silicone gasket
- Low-rate cooler (Mr.Frosty®, Nalgene)
- Liquid N 2 dewar.
- Aluminum cryocanes.

F
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Hazards. precautions and waste diswsal
- DMSO must be carefully handled because it can be absorbed through latex and skin,
carrying toxic substances into the body.
- The chemicals listed do not pose hazards and can be disposed of in the sink.
Procedure
Note: all the liquids, vessels, and instruments that come in contact with the muscle
tissue must be sterile.
On the day previous to the animal slaughter:
1.

Prepare one bottle with 300 mL of Hank's BSS for transportation of each sample

and one bottle containing 200 mL Hank's BSS plus 4% antibiotic-antimycotic mix and
1% of gentamicin solution (antibiotic rinse, keep refrigerated).
2.

Autoclave shaking flasks containing stirring rods and capped with aluminum

foil.
3.

Prepare pronase solution by dissolving 1 g of Streptomyces griseus protease in

500 mL of Hank's BSS (without phenol red, Mg or Ca). Filter sterilize under hood
through a 0.2µm pore size membrane into a sterile container. Keep in refrigerator.
4.

Prepare a solution of Hank's BSS containing 20% of horse serum. Keep

refrigerated.

5

Prepare McCoy's SA medium following package instructions, filter sterilize.

Aliquot media, serum and antibiotics in sterile bottles to prepare McCoy's SA-15%
horse serum-1 % antibiotic antimycotic mix- 0.1 % gentamicin solution (McCoy's SA15% HS+ ABS). Keep refrigerated. Antibiotic antimycotic solution (lOOX; Sigma
catalog no. A 5955) contains 10,000 units of penicillin, 10 mg of streptomycin and 25
µg of amphotericin B per ml. Gentamicin solution (Sigma catalog no. G 1272) contains

10 mg of gentamicin per ml in deionized water.
6.

Prepare a 2% (w/v) solution of pig skin gelatin (Sigma catalog no. G 1890) with

distilled water by stirring in a beaker on a hot plate. Autoclave for 20 min at 120°C and
15 psig. Under hood, coat 75 cm 2 tissue culture flasks with 3 mL of the pig skin gelatin
solution (2% PSG); leave the solution in the flasks for 1 h; extract as much PSG
solution as possible with a sterile pasteur pippette connected to a vacuum source. Leave
the flasks under the hood until dry. Keep coated flasks in refrigerator until needed.
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On the day of slaughter:
7.

Once the carcass is skinned and before it is eviscerated, spray the muscle to be

dissected with ethanol 70%. With sterile scalpels and alcohol-flamed tweezers obtain a
piece of muscle of approximately 100 g. Cut the piece in smaller pieces in a flamed pan
with the help of tweezers and scissors. Place the pieces in the bottle containing Hank's
BSS. Transport to cell culture laboratory and process immediately.

8.

Under laminar flow hood, transfer the samples to the bottles containing Hank's

antibiotic rinse. [All solutions that come in contact with the muscle and the cells should
be between room temperature and 37°C to avoid producing a temperature shock to the
cells]. After about 5 min transfer samples to sterile petri dishes.
9.

Mince muscle with dissecting scissors, flaming the scissors frequently and

trying to discard all visible adipose and connective tissues. Place minced muscle in
previously tared shaking flasks. Weigh flasks containing the minced tissue; add about
200 mL of Hank's BSS; stir for 10 min; let pieces of muscle settle and discard
supernatant.
10.

Add 250 mL of pronase solution (previously warmed at 37°C). Cap and place

shaking flask in a water bath (37°C) on top of a stirring hot plate. Stir for 30 min.
11.

Let large pieces settle. Aliquot 25 mL of the liquid digesta in each of eight 50

mL-centrifuge tubes containing 25 mL of Hank's-20% HS. Add another 250 mL of
pronase solution to the remnants in shaking flask; digest for another 30 min. Invert
tubes containing cell suspension. Centrifuge at 1,500 g for 6 min at room temperature.
12.

Discard supernatant. Add 25 mL of Hank's BSS. Vortex to disrupt pellet.

13.

Filter through cell strainers (Falcon cat. no. 2350, 70 µm pore size), pooling the

contents of 2 tubes in one. Centrifuge at 1,500 g for 6 min at room temperature. Discard
supernatant. Add 15 mL of growth medium. Vortex. Pool 2 tubes in one. Place on ice.
14.

Repeat steps 11-13 using the suspension obtained after 1 h of digestion.

15.

Pool cell suspensions obtained at 30 min and at 1 h of digestion (total of 120 mL

approximately). Aliquot 20 mL in each of 6 uncoated 75 cm2-tissue culture flasks.
Preplate for 2 h in incubator (37°C, 5% C02 and 95% humidified air). During
preplating the majority of the fibroblasts will attach to the plate.
16.
Remove cell suspensions from flasks using pipettor and transfer carefully to
PSG-coated culture flasks. Incubate (37°C, 5% CQi and 95% humidified air) for 24 h.
17.

Discard media by pouring carefully into waste vessel; rinse twice with

approximately 20 mL of Hank's BSS. Add 17 mL of growth medium and return to
incubator. Change the medium when needed as indicated by color.
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Cell storage
18.

When the cultures are close to confluence, discard medium, rinse once with

Hank's BSS and add 3 mL of crude trypsin (0.25% Hyclone catalog no. SH30042.0l).
Gently tilt the plate so the trypsin distributes evenly. Place in incubator for 15 min.
19.

Add 20 mL of growth medium to dilute the trypsin and stop the enzymatic

digestion. Pool into three 50 mL-centrifuge tubes. Vortex. Centrifuge at 1,500 g for 6
min at room temperature. Discard supernatant. Add 17 mL of growth medium. Vortex
and pool into one centrifuge tube.
20.

Take a sample of 400 µLand place in a counting vessel containing 19.6 mL of

counting diluent (Isoton II®). Count 3 times with Coulter Counter®, average counts.
Calculate total amount of cells in cell suspension.
21.

Centrifuge at 1,500 g for 6 min at room temperature. Discard supernatant. Add

20 mL of freezing medium (70% (v/v) of McCoy's SA, 20% horse serum and 10%
dimethyl sulfoxide). Vortex.
22.

Immediately aliquot in previously labeled 2 mL cryovials. Tighten caps and

place in a slow-rate cooler (Mr. Frosty®, Nalgene) in a deep freezer (-70°C) for at least
2 h or overnight. Calculate cell concentration in freezing medium by dividing the total
number of cells (step 20) by 20 mL of freezing medium (the ideal concentration should
range between 105 _ 107 cells/mL to ensure maximum viability).
23.
Transfer cryovials quickly from freezer to liquid N2 dewar. Complete records of
inventory and cell identification cards.
Thawing procedure
24.
Immerse cryovials in a water bath (37°C). Shake to accelerate thawing.
25.

Rinse cryovials with 70% ethanol, transfer to laminar flow hood. Following

steps are to be observed under sterile conditions.
26.

Immediately after the ice has melted, dilute contents of cryovials dropwise with

20 ml of GM. If the dilution is too fast, cell viability will be dramatically decreased due
to sudden osmotic changes.
27.

Incubate in pig skin gelatin-coated (PSG: 2% w/v in distilled water, autoclaved)

75 cm 2 flasks to allow for the recovery after the freezing procedure, and to obtain a
suitable number of cells for the experiment.
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DNA Determination

(Labarca and Paigen, 1980, Rago et al., 1990)
Chemicals

CAS No.

Bisbenzimide (Hoechst No 33258)
Tris (C4fl11ND.3·HCl, FW 157.6 g)

23491-45-4
77-86-1

EDTA (C 10H 140gN2Na2·2H20, FW = 372.24 g)

6381-92-6

Sodium Chloride (NaCl, FW = 58.5 g)

7647-14-5

=

Hazard(s)
M

Double stranded calf thymus DNA
E.guipment
-spectrofluorophotometer (model RF-1.SOX, Shimadzu Co., Kyoto, Japan)
-test tubes
-methacrylate cuvettes
-pipettors
Hazards. Precautions and Waste Disposal
Because Hoechst No 33258 is a mutagen, appropriate clothing, eye protection, and
gloves should be worn when handling the product All chemicals can be poured down
the drain.
Stock solutions
1. Prepare TNE buffer (10 mM Tris, 1 mM EDTA, and 2 M NaCl, pH 7.4) by
dissolving 1.576 g of Tris, 0.37224 g of EDT A and 116.88 g of NaCl in distilled
deionized (dd) water. Adjust pH. Bring volume to 1 L with dd water.
2. Prepare DNA stock solution (500 µg/mL) by dissolving DNA in TNE buffer. Let
DNA hydrate overnight at 4°C before stirring. Store at 4°C.
3. Prepare Hoechst 33258 dye stock solution (500 µg/mL in dd water), store foilwrapped at 4°C.
Sample preparation
1. Remove plates from the freezer, let thaw, add 1 mL of dd water/well. Incubate for 1 h
at room temperature, the cells will be lised in the hypotonic environment. Place the
plates in the freezer ( -80°C) at least overnight.
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2. Remove plates from the freezer and let thaw. Pi pet up and down twice to homogenize
the samples.

Basis of the method
The drug bisbenzimide (Hoechst 33258) has an enhanced fluorescence and a
shift in the emission wavelength when it binds to DNA. The reaction is highly specific
and other compounds such as RNA, protein, or carbohydrates do not cause significant
fluorescence (Rago et al., 1990). The method can readily quantitate amounts of DNA
down to 10 ng, which is the amount present in a few thousand cells (Labarca and
Paigen, 1980).
Procedures
1. Because Hoechst 33258 is light sensitive, the flasks containing dye solution must be
foil-wrapped and the reactions and readings must be conducted in the dark.
2. Prepare dye working solution (10 µg/mL) by diluting the stock solution 1:50 in TNE
buffer.
3. Prepare serial dilutions from the stock DNA solution to obtain final concentrations of
50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, and 0.39 µglmL in TNE buffer. Put 100 µL of
each dilution in prelabeled test tubes (duplicate). Add 900 µL of TNE buffer to each
tube. Add 1 mL of working dye solution. Final concentrations for the standard solutions
will be: 2,500, 1,250, 625, 312.5, 156.25, 78.13, 39.06, and 19.53 ng/mL.
4. Prepare 2 blank test tubes with 1 mL of TNE buffer plus 1 mL of working dye
solution.
5. Add 1 mL of dye working solution to each well in the plate. This yields a final
concentration of 5 µglmL of Hoechst 33258 in 2 mL/well with a final concentration of
1 M NaCl. With a 2 mL pipettor, pipet up and down, remove samples from each well
and place in methacrylate cuvettes.
6. Read fluorescence in spectrofluorometer at 365 nm of excitation and 460 nm of
emission wavelenghts.
7. Autozero the instrument with the blank.
8. Construct a DNA standard curve by plotting the data obtained for the calf thymus
DNA standard solutions, with the fluorescence units in the x-axis and DNA
concentration (ng/mL) in the y-axis. Fit a regression line.
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9. Calculate DNA in sample by using the formula DNA

=ax + b, where x =

fluorescence of sample, a and bare parameters of the regression line corresponding to
the standard curve.
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Protein Determination

Chemicals

CAS No.

Hazard(s)

BCA protein assay kit (Pierce®, Rockford, IL)
-reagent A
-reagent B
-bovine serum albumin standard (BSA)
Scxlium dcxlecyl sulfate (SDS, 10%)
:Equipment
-spectrophotometer
-test tubes
-disposable semimicrocuvettes ( 1.5 mL)
-water bath (60°C)
-pipettors
Hazards. precautions and waste disposal
Because none of the chemicals present acute hazards, all waste will be poured
down the drain. The BCA reagent is sensitive to metal ions, especially Cu ions, thus,
glassware must be thoroughly cleaned.
Sample preparation
1. Remove plates from freezer.

2. Add 500 µL of SDS 2.0% in each well (to prepare SDS 2.0%, dilute 1 part of SDS
10% with 4 parts of dd water). Incubate at room temperature for at least 30 min. The
detergent will digest the cell membranes.
3. Add 500 µL of dd water/well. Pipet up and down to homogenize.
Preparation of the BCA working reagent (WR)
Mix 50 parts of reagent A with 1 part of reagent B. Prepare sufficient volume of
WR based upon the number of tests to be done (2mL of WR/test tube).
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Preparation of diluted BSA standards
1. Prepare a fresh set of protein standards by diluting the 2.0 mg/mL BSA stock
standard in SDS 1.0% (dilute 1 part of SDS 2.0% with 1 part of dd water), as follows:
sample

volume of BSA

volume of SDS 1.0%

a

500 µL of stock

500µL

b

500µLofa

500µL

c

500µLofb

500µL

d

500 µLof c

500µL

e

500µLof d

500µL

µglmL
500 µg!mL
250
µg!mL
125 µg!mL
62.5 µg!mL

f

500µLofe

500µL

31.25 µg/mL

g

500µLoff

500µL

15.62µg/mL

h

500 µLof g

500µL

7.80µg/mL

final BSA concentration
1,000

Procedure
1. Pi pet 100 µL of each standard or unknown sample into duplicate pre-labeled test
tubes. Use 100 µL of SDS 1.0% for the blank tubes.
2. Add 2.0 mL of WR to each tube, vortex.
3. Immediately incubate all the tubes in a 60°C water bath for exactly 30 min. Cool all
tubes in cold water until they reach room temperature.
4. Measure absorbance at 562 nm versus a blank. Note: because the BCA reagent does
not reach a true end point, color development will continue even after cooling to room
temperature. However, because the rate of color development is low at room
temperature, no significant error is introduced if all readings are done quickly.
5. Construct a standard curve by plotting the absorbance data for the BSA standards in
the x-axis and BSA concentration (µg/mL) in the y-axis. Fit a regression line. Calculate
protein concentration (µg/mL = µg/well) of the unknown samples by using the formula
Y= ax+ b, where Y =protein concentration, x = absorbance of unknown sample, a and
b are parameters of the standard curve.
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Appendix B. ANOV A Tables
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Experiment 1: Proliferation

Table B .1. Variable: Population doubling time
Source of Variance

F value

degrees of

Sum of

Mean

freedom

Sguares

Sguare

Phenotype

1

1.1

1.1

Animal(phenotype)

4

77.9

19.5

Serum type

2

40.8

20.4

15.04

Phenotype X serum

2

2.4

1.2

.89

Serum X animal(Eh)

8

10.8

1.4

.06

P value
.82
.002
.45

Experiment 2: Differentiation

Table B.2. Variable: Fusion %
Source of Variance

degrees of

Sum of

Mean

freedom

Sguares

Sguare

Phenotype

1

506

506

Animal (Ehenot~pe)

4

584

146

F value

P value

3 .46

.14

F value

P value

4.17

.11

Table B.3. Variable: Fused nuclei
Source of Variance

degrees of

Sum of

Mean

freedom

Squares

Sguare

Phenotype

1

1,050,283

1,050,283

Animal(Ehenotype)

4

1,007,730

251,933

- --

- - - - -- - - - - - - -

----
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Table B.4. Variable: Unfused nuclei
Source of Variance

degrees of

Sum of

Mean

freedom

Sguares

Sguare

Phenotype

1

129,201

129,201

Animal (Ehenot~pe)

4

31,661,718

7,915,429

Fvalue

P value

.02

.90

F value

P value

.05

.84

F value

P value

Table B.5. Variable: Total nuclei
Source of Variance

degrees of

Sum of

Mean

freedom

Sguares

Sguare

Phenotype

1

442,740

442,740

Animal (Ehenot~pe)

4

38,576,346

9,644,087

Table B.6. Variable: DNA
Source of Variance

degrees of

Sum of

Mean

freedom

Sguares

Sguare

Time

4

889,679

222,420

2.12

.13

Phenotype
Time X phenotype

1
4

906,791
1,300,703

906,791
325,176

.14

.73
.05

Animal (phenotype)

4

25,771,525

6,442,881

16

1,681,770

105,111

Da~

X animal(Eh)

3.09
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Table B.7. Variable: Protein
Source of Variance

degrees of

Sum of

freedom

Sguares

Time

4

Phenotype

1

Time X phenotype

4

Animal (phenotype)

4

Da~

X animal(Eh)

16

Mean Square

F value

P value

8,613,106,655 2, 153,276,664

15.68

141,100,401

141,100,401

.07

.80

437,294,038

109,323,509

.80

.55

.0001

7 ,676,971,858 1,919,242,964
2,197,306,520

137,331,657

Table B.8. Variable: Protein:DNA ratio
Source of Variance

degrees of

Sum of

Mean

freedom

Sguares

Sguare

F value

P value

Time

4

1,309

327

6.13

.004

Phenotype

1

36

36

.08

.79

Time X phenotype

4

329

82

1.54

.24

Animal (phenotype)

4

1,722

430

16

855
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Da~

X animal(Eh)

